an antiferromagnetic (AFM) coupling within the Fe 3+ O 6 octahedra zig-zag chains and an alternating AFM and ferromagnetic (FM) interaction between the chains, depending on the nature of the tetrahedral GeO 4 chains. The magnetic structure can be described in magnetic space group P a 2 1 /c. Close to the structural phase transition for sample with x(Na) = 0.75, magnetic ordering is observed below 15 K; however, it becomes incommensurately modulated with k = (0.344, 0, 0.063). At 4 K, the magnetic spin structure best can be described by a cycloidal arrangement within the M1 chains, the spins are within the a-c plane. Around 12 K the cycloidal structure transforms to a spin density wave (SDW) structure. For the C2/c structures, a coexistence of a simple collinear and an incommensurately modulated structure is observed down to lowest temperatures. For 0.78 ≤ x(Na) ≤ 0.82, a collinear magnetic structure with k = (0 1 0), space group P C 2 1 /c and an AFM spin structure within the M1 chains and an FM one between the spins is dominating, while the incommensurately modulated structure becomes dominating the collinear one in the samples with x(Na) = 0.88. Here the magnetic propagation vector is k = (0.28, 1, 0.07) and the spin structure corresponds again to a cycloidal structure within the M1 chains. As for the other samples, a transition from the cycloidal to a SDW structure is observed. Based on the neutron diffraction data, the appearance of two peaks in the heat capacity of Na-rich samples can now be interpreted as a transition from a cycloidal magnetic structure to a spin density wave structure of the magnetically ordered phase for the Na-rich part of the solid solution series.
Introduction
Minerals of the pyroxene family are important constituents of Earth crust and Earth mantle and have both a rich crystal-and a rich magneto-chemistry. As complex magnetic systems, the pyroxenes have attracted vivid interest because of their intriguing low-dimensional magnetic and multi-ferroic properties (Ackermann et al. 2015; Jodlauk et al. 2007 ). Owing to their chemical flexibility, the pyroxene-type compounds offer an enormous and fancy playground to study the various magnetic properties as a function of composition by tuning magnetic exchange pathways with chemical substitutions. This relation between chemical composition, crystal structure (symmetry) and magnetic properties is a main issue of the present work. Besides magnetic phase transitions, especially the Li-bearing clinopyroxenes show crystallographic phase transitions from a low-temperature P2 1 /c to a high-temperature C2/c structure (Alvaro et al. 2011; Camara et al. 2009; Nestola et al. 2009; Redhammer et al. 2010a; Redhammer and Roth 2004a, b; Redhammer et al. 2001 Redhammer et al. , 2015 Tribaudino et al. 2002 Tribaudino et al. , 2003 . Analogue Na-pyroxenes, however, retain the C2/c structure down to lowest temperatures (Redhammer and Tippelt 2014) . Key features in both, the P2 1 /c and the C2/c structures, are infinite edge-sharing zig-zag chains of octahedrally coordinated M1-sites hosting Fe 3+ . These chains are separated by infinite chains of corner-sharing GeO 4 tetrahedra. Main differences between the two structure-types are changes in the geometry of the transition metal bearing M1 site, in the M2 (Na, Li) site geometry and-most important-two independent tetrahedral chains in the P2 1 /c structure, often denoted as A and B chains, as compared to one symmetrically identical tetrahedral chain in C2/c. This allows additional different magnetic interaction pathways in P2 1 /c. Most of the "magnetic pyroxenes" order in a rather simple way below T ~40 K, from fully ferromagnetic to fully antiferromagnetic within and between the M1 chains (Cheng et al. 2013; Janson et al. 2014; Nenert et al. 2009b Nenert et al. , 2010b Redhammer et al. 2008 Redhammer et al. , 2009 Redhammer et al. , 2010b Redhammer et al. , 2011b Redhammer et al. , 2012 Redhammer et al. , 2013 Redhammer et al. , 2015 . Only a few compounds are reported exhibiting a complex cycloidal magnetic ordering, among them NaFeGe 2 O 6 and NaFeSi 2 O 6 (Drokina et al. 2011; Redhammer et al. 2011a ). These two compounds feature a dielectric polarization and were proven to be multi-ferroic materials (Jodlauk et al. 2007; Kim et al. 2012) . Generally, materials with helical/ cycloidal ordering were recognized as potential multiferroics (e.g. Park et al. 2007 ). Such multiferroics, materials, which are simultaneously (ferro)magnetic, ferro-electric and partly also ferro-elastic, considerably attract attention due to the interesting physics involved and the promising practical applications (Dong et al. 2015; Fiebig et al. 2016; Jodlauk et al. 2007; Khomskii 2006 Khomskii , 2014 Spaldin and Fiebig 2005; Tokura 2006) . Different pathways for magnetic super-exchange are possible in the pyroxene structure (see also Fig. 6 ): J 1 runs within the M1 chain, J 2 is a super-super-exchange between M1 atoms in two different M1 chains with the smallest distance (~5.3-5.8 Å) involving the tetrahedral sites. For the P2 1 /c symmetry with two different tetrahedral chains, also two slightly different J 2 paths exist. J 3 is another inter-chain coupling path, which involves more distant (7-8 Å) M1 sites in different chains, leading to a triangular configuration. Competing exchange interactions, i.e. magnetic frustrations, within and between the M1 chains are responsible for the quite diverse magnetic ground states even in (chemically) very similar systems. In several papers on pyroxenes, it was shown that the magnetic spin structures depend in a delicate way on small structural changes, e.g. Nenert et al. 2010a; Redhammer et al. 2013; Streltsov and Khomskii, 2008) . This relation has extensively been studied, particularly for spin-1/2 systems like Cu 2+ compounds. Lebernegg et al. (2017) , e.g. pointed out that in spin-1/2 chains a complex interplay of quantum fluctuations, exchange interactions and lattice topologies are responsible for rich magnetic phase diagrams and often result in magnetic frustration. The relation between strengths of nearestneighbour and next-nearest-neighbour interaction within and between such chains, structural details and covalency are keys for understanding magnetic ground states (Braden et al. 1996; Furukawa et al. 2010; Geertsma and Khomskii 1996; Lebernegg et al. 2013a Lebernegg et al. , b, 2014 Lebernegg et al. , 2016 Ruiz et al. 1997) . For spin-5/2 compounds, the situation is even more complicated because of 5 instead of only one magnetic orbital per magnetic site and orbital degrees of freedom.
Investigations along solid solutions series with the same M1 cation, but different magnetic ground states and paramagnetic symmetries of the end-members, are of interest to puzzle out in more detail in which ways the chemical composition tailors the development and interchange of magnetic structures.
The crystal structures of (Na,Li)FeGe 2 O 6 solid solution compounds were investigated in detail by Redhammer and Tippelt (2016) using single-crystal X-ray diffraction. The P2 1 /c structure is conserved over a wide range of compositions at 100 K. From extrapolation of available data, a change of symmetry is expected between Na contents of x(Na) ~0.85-0.90 for temperatures of about 20 K. In a very recent study of Drokina et al. (2016) , the change in symmetry from C2/c to P2 1 /c in the Li x Na 1-x FeGe 2 O 6 system in the 100 K to 800 K region, found by Redhammer and Tippelt (2016) , was fully confirmed.
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The magnetic structure of P2 1 /c LiFeGe 2 O 6 was determined by Redhammer et al. (2009) . It is commensurate with k = (½ 0 0) with an antiferromagnetic (AFM) coupling of spins within the M1 chains, while the inter-chain coupling is ferromagnetic (FM) via the GeA-chain and AFM via the GeB-chain. This alternating FM and AFM coupling between the M1 chains is responsible for the doubling of a in the magnetic unit cell. Very recently Drokina et al. (2015) found a magnetic structure for the intermediate compound Li 0.5 Na 0.5 FeGe 2 O 6 with P2 1 /c symmetry at low temperature and found a very similar magnetic structure to the one of the LiFeGe 2 O 6 endmember. In contrast NaFeGe 2 O 6 shows complex magnetic ordering with a cycloidal incommensurate ordering of spins within the M1-chains and k = (0.323 1.0 0.080) (Drokina et al. 2011; Redhammer et al. 2011a ). For NaFeGe 2 O 6 , Kim et al. (2012) concluded from ferroelectric measurements that the compound orders magnetically in a two-steps process. At 12 K, a transition into a para-electric AFM phase below is observed, below 10 K it features a ferro-electric AFM phase with incommensurate ordering. Similar results were provided by Ackermann et al. (2015) from dielectric, magnetic and magneto-elastic properties.
Unravelling how the transition from the commensurate magnetic structure in LiFeGe 2 O 6 to the incommensurately modulated cycloidal one in NaFeGe 2 O 6 as a function of LiNa substitution takes place is the goal of the present study. For this reason, we have investigated samples of the Li 1− x Na x Ge 2 O 6 series using calorimetric, bulk magnetic and neutron diffraction methods on polycrystalline samples.
Experimental

Material synthesis
For magnetometry and calorimetric measurements, sample material of the study of Redhammer and Tippelt (2016) was used. For neutron diffraction experiments, additional samples along the Li 1-x Na x FeGe 2 O 6 series with x(Na) = 0.7-0.9 were synthesized using a ceramic sintering route. Starting materials were prepared from stoichiometric mixtures of Na 2 CO 3 , Li 2 CO 3 , Fe 2 O 3 and GeO 2 , which were intimately grounded under ethanol to ensure good homogeneity. These mixtures were pressed to pellets in ~12 g batches, placed into open platinum crucibles and fired on air for one day at 1273 K in a first step for calcinations. Afterwards the pellets were reground, pressed again and fired at 1273 K for additional 5 days. To ensure complete reaction, phase purity and good crystallinity, this procedure was repeated three times.
Samples prepared as described were pale green-brown to brown in colour and showed crystal sizes up to 10 μm.
Neutron diffraction experiments
Neutron diffraction experiments were done at the MaierLeibnitz-Zentrum (MLZ), FRM-II, Munich, Germany. Powder diffraction data were acquired between 4 and 20 K in constant wavelength mode using the high-resolution powder diffractometer SPODI (Hoelzel et al. 2012) on ~10 g batch with Ge331 monochromatized neutron radiation (λ = 2.5360 Å). Experiments were performed in a 2θ range 3° ≤ 2θ ≤ 154°, step width 0.04° using a closed cycle cryostat with the sample contained in a V-can. High data acquisition time of 2.5 h was used for 4 and 20 K data, while 0.5 h runs were used to scan the variation of magnetic moments and phase transitions within a tight temperature grid. Data treatment was performed using the FullProf Suite of programs (Rodríguez-Carvajal, 2001 ). The structural data of (Redhammer and Tippelt, 2016) were taken as starting parameters in Rietveld refinements. During refinements, we became aware of very small amounts of hematite, which are <0.3 wt%, but detectable in the neutron diffraction data, while not in the X-ray powder diffraction data. The magnetic symmetry analysis was performed with the module MAXMAGN (Perez-Mato et al. 2015) as provided by the Bilbao Crystallographic server http://www.cryst.ehu.es/ (Aroyo et al. 2006a (Aroyo et al. , b, 2011 .
Low-temperature calorimetric measurements
Low-temperature heat capacities were measured using a commercially designed relaxation calorimeter (the heat capacity option of the Quantum Design PPMS) at Salzburg University. The data were collected in triplicate between 2 and 300 K, using a logarithmic spacing. Further details will be given in a separate paper on the thermodynamic P2 1 /c − C2/c phase transition and mixing properties of the (Li,Na) FeGe 2 O 6 solid solution (Dachs et al. in prep) .
Bulk magnetic measurements
The magnetization was measured at the MPI CPfS in Dresden, using a Quantum Design (QD) SQUID MPMS in static fields up to 5 T in the temperature range of 2.0-400 K. Measurements up to 7 T were performed with a vibrating sample magnetometer (VSM) setup of the QD PPMS. The masses of the powder samples were between 15 and 20 mg. Owing to the presence of the very small amounts of hematite, we carefully looked for any signature of hematite in the magnetization data, but, did not find any.
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The field dependence of the magnetic susceptibility is linear at low fields and perfectly intercepts zero.
Results and discussion
SQUID magnetic susceptibility measurements
The temperature-dependent magnetic susceptibility χ(T) of the Li 1-x Na x FeGe 2 O 6 compounds was measured in magnetic fields of 0.05, 0.5, 5 T. The lowest field was applied to scan for possible small additional features in χ(T), which, however, could not be detected in any of the presented compounds. Owing to the stronger noise at very low fields, only data collected at 0.5 and 5 T are shown in the plots (Fig. 1) . All compounds feature a maximum in χ(T) in the temperature range 25-35 K which shifts to higher temperatures and broadens with increasing Na content. As outlined in detail by Redhammer et al. (2011a) , pure NaFeGe 2 O 6 has the largest difference between T max and T N in the susceptibility data and exhibits the broadest maximum. With increasing Li content, the maximum becomes "sharper" and the difference between T max and T N smaller. This is interpreted as a distinct quasi 1D behaviour in NaFeGe 2 O 6 ; as interatomic bond lengths and angles stay rather constant within the M1 chain, while the chain to chain separation increases, we assume this effect to be mainly due to a decrease in J 2 . However, frustration may considerably compromise such conclusions. Without calculating the exchanges or having an experimental value, it is difficult to give a more in-depth conclusion.
Below the maximum, a kink in χ(T) is visible that can be attributed to magnetic ordering. Below this transition, the susceptibility data collected at a magnetic field of 0.5T are lower than that measured at 5T, evidencing a spin-flop transition. This transition is also visible in field-dependent magnetization data M(H) as a slight change of the slope in the field regime of 1.4-4T. The minimum field is observed for x(Na) = 0.75 in agreement with the lowest ordering temperature determined from χ(T) (see below). In most datasets, χ(T) features an upturn below the magnetic transition which is more pronounced at higher magnetic fields. The magnetic field should actually suppress paramagnetic contributions whose Curie-behaviour can be responsible for such an upturn. Therefore, we expect that it is actually an intrinsic effect. This is supported by the fact that the upturn is very small for H = 0.5 T and even missing in the x(Na) > 0.8 compounds.
The magnetic ordering temperature was estimated from the position of the maximum in the magnetic contribution C mag (T) to the specific heat C p (T). C mag (T) was determined from the susceptibility data by using the Fisher relation (Fisher 1962) . The results are provided in Table 1 and Fig. 2 which also show data of Drokina et al. (2016) . T N decreases with increasing Na content up to x(Na) = 0.75. In between x(Na) = 0.75 and x(Na) = 0.80, T N jumps up by about 3 K and then decreases smoothly again. For x(Na) = 0.85, the peak in d(χ(T)T)/dT becomes broader and at x(Na) = 0.90 a double-peak structure appears (see Electronic Supplementary Material (ESM) Figure S1 ). This double peak is also seen in the C p (T) measurements (see below). Its appearance in d(χ(T)T)/dT demonstrates that both peaks come from magnetic transitions.
From earlier work on Li and Na Ge-pyroxenes (Redhammer et al. , 2011a , it is known that the Li and Na end-members of this solid solution have different magnetic structures. However, it was not clear how they transform into each other. Since T N remains above 12 K for all compounds (Table 1) , we can exclude that the commensurate structure of the Li-compound is suppressed before the incommensurate structure of the Na-compound appears. Rather they transform into each other continuously.
We also performed a Curie-Weiss fit of 1/χ(T) for the temperature range of 320-395 K. 1/χ(T) actually seems to follow a linear behaviour already at much lower temperatures but no stable fit could be obtained at lower temperatures, owing to very small non-linearities. This is in agreement with the paramagnetic Curie temperatures Θ P ranging from 50 to 100 K, suggesting the presence of antiferromagnetic couplings of sizable strength. It should be noted here that with our definition of the Hamiltonian, a positive sign of Θ P means antiferromagnetic coupling! The magnetic moments are in between 5.4 and 6.4 µ B /Fe 3+ . In contrast to T N , none of the parameters obtained with the Curie-Weiss fits show a clear smooth trend with respect to the Na content of the samples (see Table 1 ). Nevertheless, the paramagnetic Curie temperature suggests strong overall antiferromagnetic (AFM) coupling in the Li 1-x Na x FeGe 2 O 6 compounds. There is a small tendency of a decreasing Θ P indicative of a decreasing overall AFM character of the samples toward the LiFeGe 2 O 6 end-member. We also applied an estimation of the intra-chain coupling by fitting the susceptibility data with the Bonner-Fischer model. Fitting data are included in Table 1 . In line with the observations of Redhammer et al. (2011a) , the data show-at least semi-quantitatively-that in NaFeGe 2 O 6 the intra-chain coupling constant is largest, while with increasing Li content J/k decreases. As can be followed from the data, Na-rich samples display a more distinct low-dimensional behaviour, with a weak inter-chain coupling. These Drokina et al. (2016) b A positive sign means AFM coupling here with the Hamiltonian used for witting the data c Estimation of the inter-chain coupling using the Bonner-Fisher model Drokina et al. (2016) are included for comparison, the kind of magnetic structure indicated is determined from neutron diffraction (see below), the dashed vertical line is the estimated phase boundary between P2 1 /c (left) and C2/c (right) crystal structure, a full paramagnetic structural phase diagram is given in the ESM Figure S2 (comm. means commensurate) observations are in perfect agreement with the magnetic spin structures found below.
Calorimetric data
The low-temperature calorimetric data of Li 1-x Na x FeGe 2 O 6 compounds confirm magnetic ordering at low temperatures, which is evident by the appearance of a clear detectable λ-peak in the heat capacity C p (Fig. 3) . Pure LiFeGe 2 O 6 orders magnetically at 20.2 K in good agreement with the data reported by Redhammer et al. (2009) . Increasing the Na content does not alter the ordering temperature significantly up to x(Na) ~0.3 as can be inferred from Fig. 2 ; for higher Na contents, the magnetic ordering temperature decreases almost linearly down to 13.2 K in the Na-endmember. The heat capacity measurements clearly give evidence for two peaks in the end-member composition NaFeGe 2 O 6 , the first one at 13.2 K, the second at 11.9 K. The appearance of two peaks in C p of NaFeGe 2 O 6 was first noticed by Drokina et al. (2011) and assigned to a change in the macroscopic state of the magnetic subsystem. Similarly, two peaks are also observed for Li 0.1 Na 0.9 FeGe 2 O 6 with maxima at 13.9 and 12.0 K. For the samples with x(Na) = 0.75 and 0.90, the high-temperature peak is well resolved, while the second one is only visible as an illdefined shoulder, for x(Na) = 0.75 two peaks can readily be resolved, while for samples with x(Na) < 0.75 only one peak is found. The appearance of two peaks in C p is seen as an evidence for two magnetic phase transitions in the Narich compositions. An in-depth investigation of the thermodynamic properties of the Li 1-x Na x Ge 2 O 6 solid solution series goes beyond the scope of this contribution and will be given elsewhere in a subsequent work (Dachs et al. in prep.) .
Low-temperature neutron diffraction
Nuclear structure at 20 K
The neutron diffraction data were collected for nominal compositions Li 1-x Na x FeGe 2 O 6 with x(Na) = 0.9, 0.85, 0.80, 0.75 and 0.70. All powder diffraction data could be refined to low R-values for all samples and temperatures, the results for the 20 K measurements in the paramagnetic state are given in Tables 2, 3 , 4, data for the 4 K measurements are compiled in the ESM Table S1 , while lattice parameters and magnetic moments for all other samples and temperatures are summarized in ESM Table S2 . The distinct difference in neutron cross section between Na and Li allowed for a good determination of the amount of Na and Li on crystallographic M2 sites, thus the effective substitutional rate within the samples prepared for neutron diffraction experiments can be determined. The obtained Na/ Li distribution agrees well with the nominal stoichiometry with a small surplus of Li (see Table 2 ). Detailed analysis of the diffraction data at 20 K showed that samples with x(Na) > 0.78 display C2/c symmetry, while these with x(Na) ≤ 0.75 already have P2 1 /c symmetry. The change in Fig. 3 Low-temperature heat capacity for some selected compositions of the Li 1-x Na x Ge 2 O 6 solid solution series, for x(Na) = 0.9 and 1.0, two peaks are evident, indicative of two magnetic phase transitions symmetry most evidently is seen in the powder neutron diffraction data by the appearance of the (−2 3 1) Bragg peak (Fig. 4) as was also outlined by Drokina et al. (2016) . This peak of type h + k = 2n + 1 is non-overlapping with other peaks and forbidden by systematic extinctions within the C centred cell. Within one and the same composition, there is no change in symmetry down to lowest temperatures of 4 K, i.e. the crystallographic structure remains the same. Thus at 20 K, the change in space group symmetry takes place at x(Na) ~0.76-0.77 apfu, at lower contents as extrapolated in Redhammer and Tippelt (2016) . This indicates a sharp drop of the P2 1 /c phase stability (as for x(Na) = 0.74, the transition temperature was determined to be 104 K, Redhammer and Tippelt 2016). However, this observation is consistent with the fact that in the heat capacity of samples with x(Na) > 0.75 no peak was observed, except the magnetic one. An extended structural phase diagram including the new data of this study and the ones of Drokina et al. (2016) is given in ESM Figure S2 . A comparison of lattice parameters at 20 K for the different compositions shows a sharp discontinuity when changing from P2 1 /c to C2/c symmetry ( Table 2 and ESM  Fig. 3 ). The observation is very similar and in line with the one of Redhammer and Tippelt (2016) at 298 K, however shifted to higher Na contents at 20 K.
Within the P2 1 /c structure, the shortest Fe-Fe distance within the M1 chain is 3.239(2) Å and the Fe-O-Fe bond angles are 100.77(14)° and 103.38(11)°. Following the empirical Goodenough-Kanamori rules such superexchange angles will favour antiferromagnetic coupling. As is well described in literature, the P2 1 /c structure is characterized by the presence of two symmetry non-equivalent tetrahedral chains GeA and GeB, which differ mainly in the kinking angle. For sample Li 0.69 Na 0.31 FeGe 2 O 6 , these are 165.61(16)° and 171.59(17)° for the GeB-and GeA-chain, respectively. The two different Ge-chains cause different inter-chain Fe-Fe distances, which are 5.601(2) Å and 5.588(2) Å via the GeA and the GeB chain, respectively. It is worth to note that in sample Li 0.25 Na 0.75 FeGe 2 O 6 , the differences between those bond lengths and angles, which become symmetrically equivalent upon the phase transition from P2 1 /c to C2/c, decrease significantly with respect to those in Li 0.69 Na 0.31 FeGe 2 O 6 . This is most evidently seen, e.g. for the Fe-O bond lengths and also for the Fe-O-Fe angles, which are entirely similar (see Table 4 ), evidencing that this sample has only small distortions from C2/c symmetry and is close to the phase transition.
The three other samples with 0.78 ≤ x(Na) ≤ 0.88 have C2/c symmetry. Among several variations of bond lengths with the Na content (see Table 4 ), small elongations of the Fe-Fe distances, both within and between the M1-site chains can be seen. The Fe-O-Fe bond angle is ~ 102.4(1)°, thus favouring antiferromagnetic interaction; a notable feature also is the fact, that tetrahedral chains are almost extended, i.e. the tetrahedral kinking angle is very close to the ideal value of 180°.
Sample Li 0.31 Na 0.69 FeGe 2 O 6 (P2 1 /c)
Antiferromagnetic ordering leads to the appearance of additional Bragg reflections in the neutron powder pattern. For Li 0.31 Na 0.69 FeGe 2 O 6 (the most Li-rich sample investigated here), these appear at temperatures between 15 K and 14 K. This temperature is in good agreement with the ordering temperatures, extracted from C p and susceptibility measurements. The general appearance of the diffraction pattern is similar to the one of LiFeGe 2 O 6 ). The magnetic reflections in Li 0.31 Na 0.69 FeGe 2 O 6 can be indexed with a propagation vector of k = (½, 0, 0), i.e. a doubling of the a lattice parameter is observed for the magnetic phase. Refinement of the possible magnetic structures, as determined from representational analysis and outlined in the ESM text and ESM Table S3 , against the 4 K data showed that the magnetic structure of Li 0.31 Na 0.69 FeGe 2 O 6 can only be given by the basis functions: [C x , A y , C z ]. Typical Rietveld refinements against the data at 4 K and 20 K are shown in Fig. 5 .
Li 0.31 Na 0.69 FeGe 2 O 6 possesses a magnetic structure with antiferromagnetically coupled spins within the M1 chains (Fig. 6) . The appearance of AFM coupling within the M1 chains is consistent with large Fe-O-Fe angles >100° for both possible intra-chain exchange pathways in the germanate. The inter-chain coupling depends on the nature of the super-exchange pathway: [Fe-Fe] inter coupling via the GeA-tetrahedron is ferromagnetic. This is the longer Fe-Fe distance (5.601(2) Å) between two neighbouring Fe-chains; contrarily, the [Fe-Fe] inter coupling via the GeB tetrahedron is antiferromagnetic with the Fe atoms being separated by 5.588(2) Å at 4 K. The magnetic space group consistent with this ordering scheme is P a 2 1 /c. This alternating FM and AFM inter-chain coupling is the reason for the doubling of the magnetic unit cell along the a axis. The magnetic moments are oriented along the a axis, with insignificant components along b and c. Also with temperature, this arrangement is not changing. The obtained magnetic structure for Li 0.31 Na 0.69 FeGe 2 O 6 is consistent with the one determined by Drokina et al. (2015) . Here, also the magnetic moment is aligned along the a axis with negligible components along b and c. However, it is different to some details to the magnetic structure of the pure Li-end-member compound. Here, the magnetic spins are aligned within the (0 1 0) plane forming an angle of ~17° with the a axis. The substitution of Li + by Na + obviously causes the lock in of the magnetic moments from the a-c plane to the a axis (Fig. 7) .
The total magnetic moment M amounts to 3.70(6) μB at 4 K. This is a distinct reduction to the spin only value of Fe 3+ (5.92 μB) and also is lower than the value found for LiFeGe 2 O 6 (4.48(5) μB), and 4.30 μB for Li 0.5 Na 0.5 FeGe 2 O 6 (Drokina et al. 2015) . This reduction may be interpreted as increasing magnetic frustration with increasing Na + content and correlates well with the increasing chain separation. The variation of the magnetic moment with increasing temperature was fitted with a phenomenological power law according to
α ] behaviour is obtained at T→ 0 (Blundell et al. 2003) . The fittings yield M(0) = 3.75(1) μ B , T N = 14.3(1) K, α = 2.7(2) and a critical exponent β = 0.319(3); the critical exponent β is consistent with a 3D model of ordering. It should be noted that due to the low data to parameter values, the fits for all samples mainly should serve as guides to the eye, rather than give "hard" physical data. Nevertheless, the obtained data show plausible values (see also ESM Table S5 ).
Li 0.25 Na 0.75 FeGe 2 O 6 with P2 1 /c symmetry
This composition also shows P2 1 /c symmetry down to 4 K as evidenced by the presence of the (−2 3 1) Bragg peak. This peak does not change its intensity throughout the whole temperature range. First magnetic Bragg peaks appear between 14 K and 15 K; the general appearance, x(Na) = 0.69
x(Na) = 0.78 x(Na) = 0.82 x(Na) = 0.88 β and should mainly serve as a guide to the eye; the decrease in M for the sample with x(Na) = 0.88 below 9 K is due to changing relative area fraction of the collinear magnetic structure on the extent of the modulated one (see text and ESM for details) however, is different to Li 0.31 Na 0.69 FeGe 2 O 6 (see ESM Figure S4 ). Any attempts to index the magnetic peaks at 4 K with a commensurate k vector failed, but were successful with k = (0.344, 0, 0.0634). With this, a magnetic structure with the spins being oriented within the (0 1 0) plane could be obtained; similar to all other samples, there is no significant magnetic moment along the b axis, thus in the final refinements, the magnetic moment was fixed to be aligned within the a-c plane. Within the M1 chain, there is a cycloidal arrangement of spins, the coupling along J 1 is close to antiferromagnetic while along J 2 it can take any kind of interaction, from FM to AFM, depending on the local environment (Fig. 8) . Close to the P2 1 /c -C2/c phase transition composition, the AFM coupling within the M1 chain is preserved, while the interchain coupling is close to magnetic frustration causing the incommensurate modulation.
Between 11 and 12 K, there is a transition from the cycloidal to a spin density wave phase. This is also seen by a change in the k vector, which increases significantly for k x , but drops for k z (see ESM Figure S5 ). Additionally, the phase change is also visible in the neutron diffraction pattern. The SDW structure has the spins oriented almost parallel to the a axis with an AFM arrangement along J 1 and a FM arrangement between the M1 chains along J 2 . Except the spin density wave structure, this type of coupling is the same as found for the collinear magnetic structures in the samples with 0.78 ≤ x(Na) ≤ 0.88.
Li 1-x Na x FeGe 2 O 6 samples with C2/c symmetry (x(Na) = 0. 78, 0.82. 0.88) In the samples Li 0.22 Na 0.78 FeGe 2 O 6 and Li 0.18 Na 0.82 FeGe 2 O 6 first magnetic Bragg peaks appear between 15-14 and 14-13 K, respectively. The general appearance of the diffraction pattern at 4 K is very similar for both samples, but differs from the ones of the P2 1 /c samples described above. Main magnetic Bragg peaks at 4 K can be indexed in C2/c symmetry on the basis of a commensurate propagation vector with k = (0 1 0), which is symmetry equivalent to k = (1, 0, 0) for the C centred lattice. For synthetic NaFeSi 2 O 6 , Baum et al. (2015) also determined k = (0 1 0), in this later paper a detailed symmetry analysis of the C2/c space group is also given. The magnetic spins are coupled AFM within the M1 chains along J 1 , while the coupling between the chains along the shortest Fe-Fe inter distance is FM (J 2 ). The magnetic symmetry, consistent with this ordering scheme is P C 2 1 /c. The magnetic moment is oriented along the a direction, no significant magnetic moment component was found along c, both in refinements with components M x , M z and in those with polar angles (deviation from a by ± 2°). The magnetic structure of the two compounds with x(Na) = 0.78 and 0.82 correlates with the collinear AFM and FM coupling subsystem via the GeA tetrahedra in P2 1 /c Li 1-x Na x FeGe 2 O 6 samples. However, this arrangement is unique to some extent, as it was observed so far only for clinopyroxenes with P2 1 /c symmetry, e.g. for LiVGe 2 O 6 (Lumsden et al. 2000) or LiCrSi 2 O 6 (Nenert et al. 2009a ), but not for the C2/c structure. A graphical display of the magnetic spin structure is given in Fig. 9 . As the bulk magnetic measurements reveal an overall antiferromagnetic character, J 1 dominates J 2 , i.e. the ferromagnetic interaction is weak. Despite the same space group symmetry and similar composition, except the Si 4+ by Ge 4+ substitution, with k = (0 1 0) in a projection onto the a-c plane at 4 K, as determined from neutron diffraction data, the different inter-chain couplings are again given the collinear spin structure of synthetic NaFeSi 2 O 6 is different and shows a full AFM pattern of ordering of magnetic moments within and between the M1 chains (Baum et al. 2015; Redhammer et al. 2011a ). Similar to Li 0.31 Na 0.69 FeGe 2 O 6 , the variation of the magnetic moment M can very well be described by the power law, given in (1). The experimental data, fully consistent with heat capacity and bulk magnetic measurements and with a 3D-model of ordering, are included in Fig. 6 , while all the fitting parameters can be found in the ESM Table S5 .
Besides the above collinear structure, a spurious incommensurate spin structure is also present in both samples, which is identical with the one, found for sample Li 0.12 Na 0.88 FeGe 2 O 6 (see also ESM Text).
For Li 0.12 Na 0.88 FeGe 2 O 6 first magnetic Bragg peaks appear between 14.0 and 13.7 K and quickly gain intensity (Fig. 10) . At 4 K, the powder pattern can be refined as a superimposition of a collinear magnetic structure with k = (0 1 0), basis function [A x , 0, A z ] and an incommensurate one with k ~ (0.28, 1, 0.07) and an AFM coupling within the M1 chains. This propagation vector is close to the one of pure end-member NaFeGe 2 O 6 and yielded good agreement with observed data in pattern matching. It should be noted that a superposition of two magnetic structures is also present in synthetic aegirine NaFeSi 2 O 6 (Baum et al. 2015; Redhammer et al. 2011a) . Graphical representations of the magnetic structures in Li 0.12 Na 0.88 FeGe 2 O 6 are given in Fig. 11 .
The collinear structure with k = (0 1 0) closely resembles the one of the two samples with x(Na) = 0.78 and 0.82. The magnetic moments are aligned along the a axis over a wide range of temperatures from 4 K to 12 K. Only very close to the magnetic-paramagnetic phase transition the refinements suggest that spins tend to incline towards the c axis; however, intensity data are less accurate here to decide by sure, if this is a real effect. The evolution of the magnetic moment for the collinear magnetic phase is also given in Fig. 7 . It shows that the magnetic moment increases quickly in the magnetically ordered phase. However, the size of the moment decreases again below 8 K. This effect is explained as a decrease of the relative fraction more detailed section is depicted to highlight the changes in magnetic Bragg peaks upon change from cycloidal to spin density wave structure Fig. 11 Schematic drawings of the different magnetic structures in sample Li 0.12 Na 0.88 FeGe 2 O 6 in a projection onto (0 1 0): a cycloidal structure at 4 K, b simple collinear structure at 4 K and c spin density wave structure at 12.5 K of the collinear magnetic on the expense of the incommensurately modulated structure (see also ESM text). In the critical region of the phase transition (9-12.5 K), the moment data of the collinear structure can be fitted with the given power law, yielding an extrapolated magnetic moment of 3.12(1) μB, an ordering temperature of 12.5 K and a critical exponent of 0.38. The extracted ordering temperature is somewhat lower than observed in C p measurements; however, up to 14 K there are some weak magnetic Bragg peaks visible, which indicate the presence of the collinear structure.
At 4 K the modulated structure shows a cycloidal magnetic order with the spins aligned within the (0 1 0) plane. Within a cycloidal M1 chain, the spins are close to an antiferromagnetic ordering. Spins in two neighbouring M1 chains, which interact via super-super-exchange along the shortest Fe-Fe inter-chain distance are rotated away from each other by and angle of δ ~ 44°-88°, i.e. they have no parallel spin orientation; however, they are closer to a ferromagnetic than to an antiferromagnetic orientation. In endmember NaFeGe 2 O 6 , the angle between spin orientation in different M1 chains ranges between ~68° and 78°, thus it may be concluded that the spin orientation approaches a FM coupling between neighbouring M1 chains, even if still incommensurately modulated. Generally, the observed magnetic structure is very similar to the one in pure NaFeGe 2 O 6 , and also to the one in natural NaFeSi 2 O 6 , even if the k-vector differs (Baum et al. 2015) .
Between 11.7 and 12 K, differences in the appearance of the powder patterns are observed (coincidence of doublets, Fig. 10b ) and the cycloidal structure transforms to a spin density wave structure. This temperature is in excellent agreement with appearance of a second peak in the low-temperature caloric measurements. The change from cycloidal to SDW structure is associated with a distinct change in the k vector as displayed in Fig. 12 , which is additional evidence that a magnetic phase transition occurs at this temperature around 12 K. The magnetic-paramagnetic transition is observed between 14 K and 14.3 K. Again, this temperature is in excellent agreement with the C p and the results of susceptibility measurements. In the SDW state, the spins are within the (0 1 0) plane forming an angle of ~ 20-30° with the a axis having a very similar AFM and FM coupling scheme along J 1 and J 2 as described for the collinear structure, except the rotation of spins away from the a axis towards c. A SDW to cycloidal structure transition was also described by Baum et al. (2015) for a natural crystal of NaFeSi 2 O 6 , while it is evidently absent in the synthetic end-member composition.
For the Li 0.12 Na 0.88 FeGe 2 O 6 composition, the dataset with small temperature increments allows also to have a detailed look onto the low-temperature variation of lattice parameters. Typically, the pyroxenes show a more or less pronounced magneto-elastic coupling (Redhammer et al. 2013 ), which also is observable for this composition. While for the a lattice parameter, no change is observed between 4 K and 20 K, these changes are prominent for b and c. Different to what would be expected at such low temperatures, these lattice parameters increase with decreasing temperature. A small plateau with almost constant b and c parameters can be seen in the data between 12 and 13 K, which is the range of stability of the SDW phase, below 12 K, b and c again increase down to ~10 K, below which they stabilize and remain constant (see Fig. 13 and ESM Figure S5 ). The monoclinic angle increases with decreasing temperature and also stabilizes below 10 K. The AFM ordering and development of the cycloidal structure within the M1 chain thus causes the M1 sites to move further away from each other. Similar behaviours could be found for end-member NaFeGe 2 O 6 , even if the low-temperature variation could not be determined with the present richness of detail. 
Summary and conclusion
The substitution of Li by Na along the Li 1-x Na x FeGe 2 O 6 solid solution series entails a change in the crystal structure from P2 1 /c to C2/c around x(Na) ~0.75 at 4 K. Samples between x(Na) = 0.0 and 0.72 show a magnetic spin structure which can be described with k = (½, 0 0), in agreement with the structures described by Redhammer et al. (2009) and Drokina et al. (2015) . involving the GeA-and GeBchains, respectively. The distances of Fe-Fe atoms within the chain are not changing that much. Also, the reduction of the effective magnetic moment of Fe 3+ , which can be interpreted as increased magnetic frustration, can be seen in the light of these structural alterations. As the distance between chains increases with increasing x(Na), the interaction between the chains, which is ferromagnetic, is likely weakened and/or frustration is enhanced. This agrees with the increasing paramagnetic Curie temperature, indicating increasing overall antiferromagnetic correlation and the decreasing magnetic moments, indicating more frustration. In the vicinity of the structural phase transition at x(Na) ~ 0.75, the magnetic structure changes to an incommensurately modulated one, though the crystal structure is still P2 1 /c. This is a somewhat unexpected result, as it was assumed as a working hypothesis, that modulated structures are restricted to C2/c pyroxenes.
For samples with C2/c symmetry, the magnetic structures can be described as a coexistence of a simple commensurate and a complex incommensurately modulated spin structure. For x(Na) = 0.78 and 0.82 the dominating magnetic structure is commensurate with k = (0 1 0). However, small admixtures of the incommensurately modulated second magnetic structure also are present. Thus, the magnetic structure of the C2/c samples is a superimposition of both a collinear and a modulated structure. For x(Na) = 0.78 and 0.82 the collinear structure is dominating but with increasing x(Na) the modulated structure becomes prevailing as is shown for x(Na) = 0.88. Here we also could show a magnetic transition from a cycloidal to a spin density wave magnetic structure. This explains the presence of two peaks in the low-temperature caloric data for these compounds.
A x -T phase diagram similar to the Li 1-x NaFeGe 2 O 6 system might also hold true for the silicate system: natural samples of aegirine NaFeSi 2 O 6 -still being modulated-show a different spin structure to synthetic endmember NaFeSi 2 O 6 , which most probably is induced by small substitutional effects (Baum et al. 2015) . More work, including investigation of effects of coupled CaMgSi 2 O 6 -NaFeSi 2 O 6 substitutions, both in the silicate as well as in the germanate system may help to shed additional light onto the complex ordering schemes within the pyroxene group in general, and onto the (Na,Li) Fe(Si,Ge) 2 O 6 subsystem in special.
From the results, reported here, it is obvious, that even small chemical substitutions and structural alterations change the magnetic ground states distinctly; nevertheless, there is no simple structural parameter which entirely controls the formation of a given magnetic structure. Simple crystal-chemical relations cannot fully explain the complex ordering pattern within the Li 1-x Na x FeGe 2 O 6 solid solution series. So, for interpreting magneto-structural correlations, it is essential to calculate the single exchange pathways. For example, different magnetic couplings paths within the M1-chains, not Figure S6 ), blue squares correspond to the short, red triangles to the long-time measurements, the dashed lines mark the stability of the spin density wave structure only along J 1 , but also between more distant Fe-Fe cations, may also be responsible for cycloidal ordering and transition to SDW, so the calculations of coupling constants is indeed an essential need for a more in-detailed explanation of these systems. Estimating strengths and signs of exchange couplings based on structural details only can at most give rough estimations. Basis for any theoretical calculations of exchange pathways and their strengths are high-quality low-temperature structural data, which are now available. However, the computation of exchange pathways in Fe-compounds, e.g. within DFT, is still a major problem because of orbital degrees of freedom, different correlation strengths for the d-orbitals, etc. We, thus, have not considered such an analysis for the present study.
